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Introduction
Estuaries are the main pathways for the transfer of particulate and dissolved matter between land to the ocean (through rivers). Particulate and dissolved matter undergo strong transformations, as estuaries are sites of intense biogeochemical 5 processing (for example, Bianchi, 2006) that in most cases leads to substantial emissions of greenhouse gases such as carbon dioxide (CO 2 ) and methane (CH 4 ) (for example, Borges and Abril, 2011) . Most estuarine environments are net heterotrophic ecosystems (for example, Gattuso et al., 1998) , leading to the production and emission to the atmosphere of CO 2 and CH 4 . The production of CO 2 10 and CH 4 is modulated by various physical features resulting from estuarine geomorphology such as water residence time (Borges et al., 2006; Joesoef et al., 2017) , tidal amplitude and vertical stratification (Borges, 2005; Koné et al., 2009; Crosswell et al., 2012; Joesoef et al., 2015) , and connectivity with tidal flats and saltmarshes (Middelburg et al., 2002; Cai, 2011) . Highly eutrophic (Cotovicz Jr et al., 15 2015) or strongly stratified estuarine systems (Koné et al., 2009 ) can exceptionally act as sinks of CO 2 due to high carbon sequestration, although high organic matter sedimentation can concomitantly lead to high CH 4 production and emission to the atmosphere (Koné et al., 2010; Borges and Abril, 2011) .
The global CO 2 emissions from estuaries have been estimated by several studies 20 (Abril and Borges, 2004; Borges 2005; Borges et al., 2005; Chen and Borges, 2009; Laruelle et al., 2010; 2013; Cai, 2011; Chen et al., 2012; 2013) and range from 0.1 to 0.6 PgC yr -1 , equivalent in magnitude to 5-30% of the oceanic CO 2 sink of ~2 PgC yr -1 (Le Quéré et al., 2016) . These values were derived from the scaling of air-water CO 2 flux intensities (per surface area) compiled from published data that were 25 extrapolated to estimates of the global surface of estuaries. The most recent estimates are lower than the older ones, reflecting the increase by an order of magnitude of the availability of data on air-water CO 2 fluxes, and more precise estimates of surface areas of estuaries structured by typology (for example, Dürr et al., 2011) . The global estimates of CH 4 emissions from estuaries are also relatively 30 variable ranging between 1 and 7 TgCH 4 yr -1 (Bange et al., 1994; Upstill-Goddard et al., 2000; Middelburg et al., 2002; Borges and Abril, 2011) , and are modest compared to other natural (220-350 TgCH 4 yr -1
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yr -1
) CH 4 emissions (Kirschke et al., 2013) . Unlike CO 2 , the most recent global estimate of estuarine CH 4 emissions is the highest because it accounts for the direct emissions of CH 4 from sediment to atmosphere (when inter-tidal areas are exposed) (Borges and Abril, 2011 ). Yet, published estuarine CH 4 emissions are most probably under-estimated because they do not account for CH 4 ebullition and gas flaring, 5 although emissions to the atmosphere of CH 4 originating from gas-rich sediments in coastal environments have been shown to be intense (Borges et al., 2016; .
Reported CO 2 and CH 4 emissions from rivers are also highly uncertain and the reported values also span a considerable range. Global riverine CO 2 emission estimates range between 0.1 PgC yr -1 (Liu et al., 2010 ) and 1.8 PgC yr -1 (Raymond 10 et al., 2013) , while riverine CH 4 emission estimates range between 2 TgCH 4 yr -1 (Bastviken et al., 2011) and 27 TgCH 4 yr -1 (Stanley et al., 2016) . Both CO 2 and CH 4 riverine emissions mainly occur in tropical areas (Borges et al., 2015a,b) .
The first studies of CO 2 and CH 4 dynamics and emissions from estuaries were carried out during the late 1990's in Europe (Frankignoulle et al., 1996; 15 Middelburg et al., 2002) and the USA (Cai and Wang, 1998) . Since then, CO 2 data coverage has tremendously increased with additional studies at sub-tropical and tropical latitudes (for example Sarma et al., 2012; Chen et al., 2012; Rao and Sarma, 2016) and in the large river-estuarine systems such as the Amazon (Lefèvre et al., 2017) , the Mississippi , the Changjiang (Yangtze) (Zhai et al., 20 2007; Zhang et al., 2008) , the Pearl (Guo et al., 2009) . The number of studies on CH 4 in estuarine and coastal environments has not increased in recent years as spectacularly as those concerning CO 2 , attracting less research efforts because the marine source of CH 4 to the atmosphere (0.4-1.8 TgCH 4 yr -1 , Bates et al., 1996; Rhee et al., 2009 ) is very modest compared to other natural and anthropogenic CH 4 25 emissions (Kirschke et al., 2013) . Continental shelves and estuaries are more intense sources to the atmosphere of CH 4 than the open ocean, in particular shallow and permanently well-mixed coastal zones (Borges et al., 2016; ) (Li and Bush, 2015) .
As a contribution to the special issue in Biogeosciences on "Human impacts on carbon fluxes in Asian river systems", we report a data-set obtained in the three dissolved inorganic carbon (DIC) SI composition, total suspended matter (TSM)). The aim of the paper is to give a general description of carbon cycling in the Mekong delta estuarine system, that can be used as a reference state to evaluate future changes in response to changes in hydrology related the construction of planned large dams (leading to water abstraction and sediment retention), eutrophication, 10 shoreline erosion, and sea-level rise. Upper Mekong is mountainous (altitude 400-5,000 m) with no significant large tributaries and a low population density (<10 inhabitants km -2 ). The Lower Mekong is lowland, drains very large tributary river systems, and is densely populated (80-460 inhabitants km -2 ). Climate ranges from cold temperate in the Upper Mekong to tropical monsoonal in the Lower Mekong. The annual flow of the Mekong River is 30 ~470km 3 , ranking 10 th among the World largest rivers (Dai and Trenberth, 2002 (Milliman and Farnsworth, 2011) . The solute annual transport is 123 million tons (Gaillardet et al., 1999 Suchet et al., 2003) . The Mekong River basin is populated by 70 million people and this population is expected to increase to 100 million by 2050 (Varis et al., 2012) . Recent and fast economic development has substantially increased the use of water resources (Piman et al., 2013) , in particular for agriculture, energy (hydropower), and fishery (Västilä et al., 10 2010) . Until recently, the Mekong River was considered one of the last unregulated great rivers with a flow regime close to its natural state (Adamson et al., 2009 ).
Economic development in the region has led to the construction of several dams mainly for the production of hydropower, potentially affecting water and sediment flows (Fu et al., 2008; Wang et al., 2011; Lu et al., 2014; Piman et al., 2013; . 15
The construction of major infrastructures is planned on the transboundary Srepok, Sesan and Srekong Rivers, which contribute up to 20% of the total annual water flow of the Mekong (Piman et al., 2016) .
The Mekong River delta covers an area of 50,000 km 2 and is the third largest tidedominated delta in the World after the Amazon and Ganges-Brahmaputra deltas. It is 20 tremendously important in the food supply and economic activity of Vietnam, as it sustains 90% of rice (>20 million tons annually) and 60% of seafood national production. The development of shrimp farming in the delta has led to the reduction of mangrove forests (de Graaf and Xuan, 1998; Nguyen et al., 2011 ) that nowadays only remain significantly in the Ca Mau Province. Shrimp farming started in the late 25 1970's, accelerated during the mid-1980's until present (de Graaf and Xuan, 1998; Tong et al. 2010 ). The delta is populated by more than 17 million people (>80% in rural areas), representing nearly a quarter of Vietnam's total population, with an annual population growth of more than 2%. The delta is a low-lying area with an average elevation of < 2 m above sea level, making it one of the most vulnerable 30 deltas in the World to sea level rise (IPCC, 2014) . The decrease in freshwater and sediment delivery combined to the rising sea-level and subsidence, as well as coastal (shoreline) erosion are potential threats for economic activities in the Mekong delta, for instance due to the impact of salinity intrusion on agriculture, compromising Biogeosciences Discuss., https://doi.org /10.5194/bg-2017-444 Manuscript under review for journal Biogeosciences Discussion started: 24 October 2017 c Author(s) 2017. CC BY 4.0 License. economy and livelihood of local populations (Smajgl et al., 2015) . Several studies predict that a large fraction (70-95%) of the sediment load could be trapped by hydropower reservoirs if all of the planned infrastructures are effectively build Kondolf et al., 2014) . In addition, sediment river delivery could also change in response to changes in climate (Västilä et al. 2010; Lauri et al., 2012; 5 Darby et al., 2016) . This would have important consequences on the sediment deposition in the delta that seems to have already shifted from a net depositional (accretion) regime into a net erosion regime (Anthony et al., 2015; Liu et al., 2017 ). Koné and Borges (2008) 
Sampling

Sample collection and analysis
Salinity and water temperature were measured in-situ using a portable thermosalinometer (WTW Cond-340) with a precision of 0.1 and 0.1°C, . Samples for major cations were measured by inductively coupled plasma -5 atomic emission spectrometry (ICP-AES) and with a reproducibility better than ±3 %.
Measurements of TA and pH were used to compute pCO 2 and DIC using the carbonic acid thermodynamic dissociation constants of Cai and Wang (1998) , with an estimated accuracy of 5 % and 5 µmol kg -1 , respectively (Frankignoulle and Borges, 2001) . 10
Air-water fluxes of CO 2 (FCO 2 ) and CH 4 (FCH 4 ) were calculated according to:
where F is the flux of the gas, ΔG is air-water gradient of the gas and k is the gas 15 transfer velocity.
Values of k were computed using wind speed field measurements with a handheld anemometer, and the parameterization as a function of wind speed given by Raymond and Cole (2001) (the "non-dome" parameterisation). The k values in estuarine environments are highly variable and parameterizations as a function of 20 wind speed are site-specific due to variable contribution of fetch limitation and tidal currents (Borges et al., 2004) . The parameterization of Raymond and Cole (2001) probably provides minimal k values, so the FCO 2 and FCH 4 values given hereafter are considered to be conservative estimates. Atmospheric pCO 2 values were retrieved from the National Oceanic and Atmospheric Administration Earth System 25
Research Laboratory atmospheric measurement network data-base at station Guam (Mariana Islands, 13.386°N 144.656°E), located in the Pacific Ocean, approximately at the same latitude as Mekong delta. For CH 4 , a constant atmospheric value of 1.8 ppm was used. The Henry constant of CO 2 and CH 4 was computed from salinity and temperature according to Weiss (1974) and Yamamoto et al. (1976) , respectively, 30 and the Schmid number for CO 2 and CH 4 was computed from temperature according to Wanninkhof (1992) . The air-water CO 2 and CH 4 values were area-averaged and scaled to the surface of the three estuarine branches using surface areas derived from satellite images with Google Earth.
Mixing models
We used a mixing model for TA, DIC and O 2 that assumes conservative mixing and no gaseous exchange with the atmosphere for a solute (E), according to: 5
where E S is the concentration of E at a given salinity (=Sal), E F is the concentration of E at the freshwater end-member (with a salinity of Sal F ), E M is the concentration of E 10 at the marine end-member (with a salinity of S M ).
The conservative mixing of δ 13 C DIC was computed according to Mook and Tan (1991) :
where Sal is the salinity of the sample, DIC F and δ DIC are, respectively, the DIC concentration and stable isotope composition at the marine end-member. phytoplankton development during low water, probably related to an increase of water residence time related to low freshwater discharge (Reynolds and Descy, 1996) , as also observed in other tropical rivers (for example Descy et al., 2017) .
Phytoplankton development during low water was also reported in the Upper Mekong River (confluence with the Tonle Sap River) by Ellis et al. (2012) (Fig. 4) , as also shown in other tropical 25 rivers such as the Oubangui . The dataset in the Mekong River at Tan Chau reported by Li et al. (2013) , shows a similar seasonal pattern, with lower pCO 2 values during low water (March-May) and higher pCO 2 values during high water (October-December). In April 2004, there was a marked increase of pCO 2 from the most up-stream stations (salinity 0) to the stations located at 60 km from 30
Vĩnh Long (corresponding roughly to a salinity of 2). This increase of pCO 2 was mirrored by a general decrease of %O 2 , suggesting enhanced organic matter degradation in the oligohaline estuarine region, typical of estuarine environments (for example, Morris et al., 1978; Bianchi, 2006) . In parallel, there was a general increase (Fig. 4) , as also shown in other major rivers such as the Mississippi (Cai et al., 2008) and the Oubangui Mekong River, and this seems to be also the case in the Upper Mekong River (Manaka et al., 2015) . TA in freshwater was also correlated to Na + but with a slope of 0. (Fig. S2) , also in agreement with the analysis of Li et al. (2014) .
As a function of salinity, pCO 2 and %O 2 showed in the three delta channels, regular decreasing and increasing patterns, respectively (Fig. 5) . The lowest off-5 shore pCO 2 for the corresponding range of TSM values in World rivers (Meybeck, 1982; Ludwig et al., 1996) and in estuaries (Abril et al., 2002) , and within the range measured in the lower Mekong just upstream of the confluence with the Tonle Sap river during an annual cycle by Ellis et al. (2012) . However, %POC values were distinctly higher (up to ~13%) in marine waters in October 2004 probably resulting from a phytoplankton 5 bloom, as also testified by low POC:PN ratios (as low as 4.9), high %O 2 (up to 114%) and δ (Fig. 6) , 20 probably reflecting the more refractory nature of riverine DOC compared to POC, the latter being removed faster during estuarine mixing, being gradually replaced by POC of phytoplankton origin with a higher δ 13 C value.
3.2.
Distinct patterns in side channels compared to the main branches of 25 the Mekong delta and DIC (overall average: -8.2±2.4‰) in the side channels. The phytoplankton primary production was probably sustained by high inorganic nutrients inputs from shrimp farming pods typically observed in adjacent channels (for example Cardozo and Odebrecht, 2014) or within the ponds themselves (Alongi et al., 1999a ). Yet, the 10 more negative δ 13 C-DIC values in the side channels indicate sustained CO 2 production from organic matter degradation related to the shrimp ponds (Alongi et al., 2000) , consistent with higher pCO 2 values and lower %O 2 in the side channels compared to the adjacent estuarine channels. The distinctly higher CH 4 values would indicate that part of the organic matter degradation in the side channels occurs in 15 sediments. Alongi et al. (1999b) showed that methanogenesis in the sediments of shrimp farming ponds themselves is low in the Ca Mau Province. This allows to suggest that the high CH 4 in the side channels were presumably coming from the side channels sediments and not from the shrimp farming ponds. The higher TA values in the side channels than in estuarine channels could also indicate the effect 20 of diagenetic anaerobic processes (for example, Borges et al., 2003) . The concentrations of Ca 2+ and Mg 2+ did not show marked deviations as a function of salinity in the side channels compared to estuarine channels (Fig. S3) , indicating TA generation was unrelated to dissolution of CaCO 3 or CaMg(CO 3 ) 2 .
We further explored data using the difference (or anomaly) between observed 25 data and data predicted from conservative mixing models, noted Δ (Fig. 7) . Negative October 2004 in the Ham Luong and Co Chien (1.4) was lower than in the side channels but still higher than the one predicted from Redfield stoichiometry. One possible explanation is that the change of concentration due to the exchange of gases with atmosphere (equilibration) is faster for O 2 than CO 2 due to the effect on the latter of buffer capacity of seawater. Another explanation that could explain the 10 distinctly higher ΔDIC:ΔO 2 ratio in the side channels relates to anaerobic organic matter degradation in sediments that seems higher compared to estuarine channels as also suggested by higher CH 4 concentrations. The relative change of TA and DIC can be used to identify the processes involved in the generation of these quantities (for example Borges et al., 2003) . The slope of the linear regression of ΔTA versus 15 ΔDIC ranged between 0.55 and 0.87, intermediary between the theoretical slopes for aerobic organic matter degradation (0.2) and sulfate-reduction (0.9), suggesting that TA and DIC were produced from the combination of these two processes. Such scenario is very likely, sulfate-reduction dominating in the sediments, and aerobic respiration dominating in the water column. Our data does not allow to determine, 20 whether these processes mainly occurred in the side channels or in the shrimp farming ponds themselves, although Alongi et al. (1999b) showed a strong dominance of aerobic respiration over other diagenetic degradation processes in sediments of shrimp ponds in Cau Mau Province. This would then allow to suggest that sulfate-reduction was mostly occurring within the side channels. The ΔTA:ΔDIC 25 slope from the side channels correlated negatively to average salinity (Fig. 8) which is counter-intuitive since a higher contribution of sulfate-reduction (ΔTA:ΔDIC ratio closer to 0.9) would have been expected at higher salinity (e.g. Borges and Abril 2011) . This pattern might result from a higher aerobic respiration in the water column of the side channels during the periods of low water (higher salinity), and/or a lower 30 signal from sulfate-reduction occurring within the shrimp farming ponds. This scenario is consistent with the negative correlation between ΔO 2 and salinity (Fig. 8) .
This could be due to higher exchange of water between the shrimp ponds and the adjacent channels during the low water (dry season) period. C-DIC were, respectively, 37% and -14.6‰ in the Ca Mau mangrove creeks compared to 66% and -11.4‰ Bến Tre Mekong delta. As previously noted by Borges and Abril (2011) , the variations of pCO 2 and %O 2 in the Ca Mau mangrove creeks were related to the size of the creeks, the narrower and presumably shallower creeks being 20 characterized by higher pCO 2 and lower %O 2 values. As previous noted by Koné and Borges (2008) , there were no significant seasonal variations of %O 2 and pCO 2 in the Ca Mau mangroves creeks, despite the fact that salinity was highly variable among the two sampling cruises, on average 33. ). This is probably related to the salinity seasonal changes, the lowest CH 4 values corresponding to the highest salinities. We hypothesize that the increase of salinity leads to an increase of benthic sulfate-reduction due to the increase of SO (Table 1 ). The FCO 2 in the inner estuarine branches were well correlated to freshwater discharge (Fig. 10) . This indicates that the FCO 2 seasonal variations are related to the riverine inputs either directly as CO 2 or as organic matter that can be degraded within the estuary. During our cruises seasonal variations in water 20 temperature were weak (range 26.7-31.5°C, on average 29.2°C), owing to the subtropical climate, consequently marked seasonality of pCO 2 and FCO 2 due to modulation of biological activity by water temperature does not occur unlike in temperate estuaries (for example Frankignoulle et al., 1998) . The potential contribution of riverine organic carbon and CO 2 inputs in sustaining estuarine FCO 2 25 was computed from freshwater discharge multiplied by POC and excess DIC (EDIC), respectively (EDIC is computed as the difference between observed DIC and DIC computed from TA and the atmospheric pCO 2 value, Abril et al., 2000 ), showing that 30 these inputs were sufficient to sustain the CO 2 emissions from the estuary, and that part of the riverine POC and EDIC is transported to the outer estuary (river plume).
FCO 2 in the side channels and outer estuary (or river plume) showed a less significant correlation with water discharge (Fig. 10) , because other processes than Biogeosciences Discuss., https://doi.org /10.5194/bg-2017-444 Manuscript under review for journal Biogeosciences , Zhai et al., 2007) , the two other major river systems bordering the East China Sea that have been documented for CO 2 dynamics. The higher value in the Mekong is probably related to 15 the dominance of freshwater in the inner estuary and low salinity intrusion within the estuary, related to the geomorphology (relatively narrow and linear estuarine channels, compared to the typical "funnel" shape estuarine morphology in the Yangtze and Pearl River estuaries). Indeed, the average salinity in the Pearl River inner estuary was 17 (Guo et al., 2009) ) reported by Rao and Sarma (2016 
